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ENGINEDESIGN;CALCUIATIONSOF CHAMBERLENGTHTO
VAPORIZEA SINGLEn-EEPTANEDROP
ByRichardJ.Rriem
SUMMARY
Calculationsbasedon droulet-evaporationheoryshowthatfora
givencombustorlengththepercentoffuelmassvaporizedcanbe in-
creasedby decreasingthefuel-dropsizeandtheinitialdropvelocity, a
orby increasingchamberpressure,finalgasvelocity,andinitialfuel
temperature.Theanalyticalresultsofthisstudywerecorrelatedto give
a singlecurveofpercentoffuelevaporatedasa functionofthechau.iber
. lengthandthefactorsinvolvingtheseparameters.Thecalculatedresults
agreewithexperimentalresultsifthemass-mean-dropdiametersfor
variousinjectorsareassumedtobe about100to 200microns.
.
INTRODUCTION
Thelargenumberof differentphenomenathatcanhavea fundamental
roleinthecombustionwithina rocketenginemakesitdifficultto
determineandstudythecontrollingprocesses.Someof thesephenomnay
as giveninreferences1 and2,areatomization,heating,vaporization,
liquidandgaseousdiffusion,combustionof droplets,andliquid-orgas-
phasereaction.Severalpapers(refs.1 to 4]havepresentedthecurrent
conceptsusedindesigningrocketenginesandthesimilarityparameters
usedinscaling.
Thesecurrentapproacheshavebeenbasedon ~lowandchemical-
reactiontheories.Thesignificanceof vaporizationwasneglectedor,
atbest,includedintheanalysisby a singledimensionlessgroup.To
demonstrateheimportanceofvaporization,a modelwasusedwhichassumed
thatvaporizationf theleastvolatilepropellantwastherate-controlling
stepinrocket-enginecombustion.Calculationsweremadeto determine
thevaporizationrateandalsoa historyofthefuelvaporizedasa
l functionofthechamberlength.Manyengineparameterswerevariedto
.
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showhowsuchparametersaffectedthechamberlengthrequiredto vaporize
a givenpercentageoftheleastvolatilepropellant.
Of thevarioustechniques(refs.5 toEl)fordeterminingvaporization
rates,thatgiveninreference8 seemedmostapplicabletotheconditions
encounteredinrocketengines.Thistechniqueofreference8 included
considerationsof theheating-upperiodofthedrop,unidirectionaldif-
fusion,andtheeffectofmasstransferonheattransfer.Furthermore,the
resultsofthetechniqueareingoodagreementwiththeexperimental
resultsof single-dropinvestigationsovera widerangeof conditions
thatapproachthoseencounteredinrocketengines(refs.9 to10). The
resultswerecomparedwithexperimentaldatatodeterminewhetherthe
l
—
calculatedandexperimentalresultsagree.
THEORY
Thecalculationtechniqueusedhereinwas
steady-statemass,momentum,andheat-transfer
.—
basedonapplyingknown
quationstoa droplet .
vaporizingina rocketeggine.Theprocesswasdividedintosmallin-
crementsduringwhichonlysmallchangesoccur,as shownby themodelof ~
figure1.
A liquid ropletisshownatpositionx anda smallincrement n—
laterintime Ae anddistance&. Duringthisincrement,thedrop
.
velocityv changesby a smallamountAvj
—
Inthissameincrement,the
gasvelocityu changesby Au. Thedropvelocitywouldstartat the
inJectlonvelocityandeitherslowdownor speedupas determinedby
thedragonthedrop. Similarly,thegasvalocitystartsat zeroand
increasesasthepropellantsvaporizeandburn.Whilethedropismoving
throughtheincrement,heatistransferredto theliquidsurfaceat a
constantrate qv,andfuelisbeingtransferredfromthesurfaceata
constantrate w; anoxidantisaddedtoburnthevaporizingfuelinst-an-
taneouglyat stoichiometricconditions.Duringtheincrement,themasB
andtheradiusof thedropchangetiom ml to m2 and rl to r2,
respectively,whilethetemperatureTz
Theequationsusedto determinethe
w = AKp2cL
NUM= 2rK~=2+0.6
DM/RT
changesby LWz.
mass-transfer
Sc!J%eY2
rateare as follows:
(1)
(2]
(3)
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* A rigorousderivationof equation(1)isgiveninreferences8 and10.
Themasstransferisdependenton (1)thesurfaceareaof thedrop A,
(2)thedrivingforce(vaporpressureof thefuel)PZ, (3)thecoefficientu
ofmasstransferK determinedby theempiricalequationgiveninref-
erence11 (eq.(2)),and(4)a factora as givenby equation(3)to
correctforunidirectionalmasstransfer.
Therateofheattransfertotheliquidsurfaceisobtainedfromthe
followingequations:
% =Ah(T - T7)!Z (4)
h 2rNUh=—=
%
2 +0.6Pr1/%el/2 (5)
z= z
ez-l
(6)
$j
ccl where
z ~p,f
$ z
—
‘m
.
A rigorousderivationofequation(3)isalsogiveninreferences8 and
10. Theheattransferisdependenton (1)thesurfacearea A, (2)
thedrivingforce(T- Tz),(3)theheat-transfercoefficienth deter-
minedfromequation(5)asgiveninreference11,and(4)a correction
factorZ fortheheatcarriedbackby thevaporizingfuel.
Theheat-transferrateto theliquidsurfaceqv isdividedintoa
sensible-heat
equation:
Thechangein
where ml is
dT/d6 isthe
.
completelist
.
rate !!L anda vaporizationrateto givethefolloting
qv
droptemperatureis
qL=
=q~+wl (7)
determinedby
dT
‘1%,2~ (8)
themassof thedrop,~,z isthespecificheat,and
rateatwhichthetemperatureof thedropincreases.A
of themsyuibolsu edinthisreportaredefinedinappendixA.
.
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A changeindropvelocityisproducedby aerodynamicdragas the *
droymove-sthrou@_thegas. Fora sphericaldroplet
—
or
The changein
obtainedfrom
The velocity
itsarea A,
dv 3 p#2
a= ‘E%p2r-
(9) “
(10)
dropvelocityisdependenton_~hedragcoefficient~
reference12a6 —
CD= 27Re-0*84 (11)
changeis,therefore,a functionofthemassofthedrop m,
thedensityofthegas pm,andthevelocitydifference
betweenthegasandthedrop U.
.
Theincreaseingasvelocityigobtainedfromthefollowingequation,
whichisderivedinappendixB:
—
Thechangeingasvelocitydependson theratioof the
rateto theinitialmassofthedrop ~ ahdthefinalgas
‘fin”
w
(12)
mass-transfer
velocity
Theprecedingequationgweresolvedby an iterativeProcedureon_ __ –
an electroniccomputerA linearinterpolationwasusedtoobtain
averagevalues.A similarprocedurewasuse~inreferences8 and10for
otherenvironmentalconditions.Theboundaiyconditionsthatwerevaried - -
areshownintableI. Phystcalpropertiesweredeterminedfromthe
equationsgiveninreferences9 and10for~.~heptane.Physicalproperties
otherthanthoseofn-heptanewerenotconsideredinthisanalysis.
IRESULTS
Theresults.ofthecalculationsaredroplethistories,examplesof
l
whichareshowninfigure2. Dropletemperature,radius.jpercentageof
massvaporized,dropvelocity,gasvelocity,andvaporizationrateare *
shownatvariouspositionsinthechamber.Thecalculatedtemperature
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ofthedropletrisesrapidlyto 880°R
approximately180lb/sqin.),whichis
. thefuelattheconditionsspecified.
withthemeasuredwalltemperaturesof
(corresponding
the“wetbulb”
5
vaporpressureof
temperaturefor
Thetemperatureof-8800R agrees
internal-filmcoolants.Ifthe
correctionfactorforunidirectionaldiffusiona, andtheeffectof
masstransferonheattransferZ wereomittedinthecalculation,
thetemperaturewouldbe muchhigher(usuallytakenas thetemperature
fora vaporpressureof300lb/sqin.).
Thepercent-mass-vaporizedcurve(fig.2(a))initiallyhasa very
smallslopebecauseof thelowliquidtemperatureof thedrop.As the
dropheats,theslopeof thepercent-~ss.vaporized Cmve increases.At
theendof thedroplifetime,theslopeagaindecreasesbecauseof the
decreaseindropsurfaceareaandbecausethedropismatingfasteras
willbe describedlater.
Theradiusofthedropinitiallyincreasesandthendecreases(fig.
2(a)).Theinitialincreaseisproducedbythermalexpansionof thedrop
as itheats.Afterthe“wetbulb”temperatureisreached,theradius
curveisproportionaltothecuberootof themasscurve.
c
Thegas-velocitycurve(fig.2(b))isproportionalto thepercent-
.
mass-vaporizedcurveas specifiedby equation(12).Initiallyjthecurve
hasa smallslope,whichincreasesas thedropheats.Neartheendof
thedroplifetime,theslopeagaindecreasesbecauseof thedecreasein
dropsurfacearea.
Thedropvelocityfirstdecreasesbecause.ofthedragproducedby
thelowgasvelocity.A minimumisreachedwhenthegasvelocityequals
thedropvelocity.Aftertheminimumpointthedropvelocityincreases .
becauseof thedragproducedbythehighgasvelocity.
Thec&ve (fig.2(b))showingthevaporizationrateperunitlength
hastwopeakpointsanda minimumpoint.Theminimumpointoccurswhen
thegasvelocityanddropvelocityareequal,producinga Reynoldsnumber
of zero anda smallNusseltnumber.Thevaporization-ratecurveis
initiallylowbecausethetemperatureof thefuelislow. At theendof
thechamber,therateisalsolowbecauseof thesmallsurface of thedrop
andthehighdropvelocity.
Curvessimilartothoseof figure2 wereobtainedforvariouscondi-
tions.Forsimplicityinpresentingtheresults,theeffectsof various
conditionswillbe shownby thepercent-mass-vaporizedcurveandthe
. vaporization-ratecurve.Sincethe90-to 100-wcentvaporizedregion
isimportantinrocket-engined sign,a plotofthepercentageofmass
unvaporizedisalsoincludedforbetterresolutioninthisregion.
.
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DropSize 2
Theeffectofa changein initial..dropsizefrom 0.002-(50microns) ~
to0.012-(300microns)inchdiameterisshowninfigure3. As expected,
thecurvesshowthatsmalldropswillvapor~zeina shorterchamber.The
percent-mass-vaporizedand-unvaporizedcurveshavethesameshal?eforall ‘-– -
sizes.Thevaporization-ratecurvesallhavethesameshape;howeverj
theyareshiftedupwardsandtotheleftforsmalldrops. —
z
Initial-DropVelocity F
Changesproducedby varyingtheinitial-dropvelocityareshownin
figure4. Thepercent-mass-vaporizedcurve(fig.4(a))showsthatthe
inflectionpoint,whichoccurswhenthedropletvelocityisthesameas
thegasvelocity,variedwithinitialvelocity.Thehighertheinitial
velocity,themoremassthatisvaporizedb_eforetheinflectionpointIs
reached.Thepercent-mass-unvaporizedcurve(fig.4(b))showsthata-
givenpercentva~orizedisobtainedina shorterchamberlengthfora
lowinitialvelocitythanwitha highvelocity.Theslopesof thecw.ves “’‘“-
varysomewhatwithinitialvelocitybuttoa reasonabledegreeofaccuracy %
remainconstantwithinitialvelocity.Thevaporization-ratecurve
(fig.4(c) showsthatthemaximumpointdecreases.withhigherinitial - ,‘~
velocities.
FinalGasVeloctty
Thefinalgasvelocityisdefinedas thevelocitythegasesattain
whenallthepropellantsarecompletelybur~ed.Thefinalgemvelocity ,__
isa functionof theratioof thechamber~“eatothethroatarea
(contractionratio). Itwouldcorrespondtothevelocityintherocket
combustionchauiberp iorto theconvergentsectionofthenozzleifthe
enginewereoperatingat 100-percentefficj.ency.Thepercent-mass- .
vaporizedcurve(fig.5(a))showsthatintheextremelylowpercent-
mass-vaparizedregionthereislittlevariationinthepercentvaporized
ina givenchamberlengthwithgasvelocity.Nearthe10-percentmass-
vaporizedregion,a lowgasvelocityhasmoremassvaporizedina given
chamherlengththana highgasvelocity.Aswithinitialdropvelocity,
theinflectionpointvarieswithgasvelocity.Aftertheinflection
pointthereisa crossoverinthecurves,anda givenpercentva~orized
isreachedina shorterchamberlengthwitha highgasvelocity.
—
Thepercent-mass-unvaporizedcurves(fig.5(b)]showthatallthe *
curves aresimilaron thisplotwiththehighergasvelocitiesproducing
a givenpercentvaporizedina shorterchamber.Sincethefinalgas
velocityis inverselyproportionaltothecontractionratio,thelowerthe “
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contractionratio,theshorterthechauiberrequiredto vaporizea given
percentofthefuel. Thecurveshaveslightlydifferentslopesfordif-
. ferentgasvelocities.
Thevaporization-ratecurveof figure5(c)showsthatthefirstpeak
inthecurveincreaseswithdecreasinggasvelocity,andthesecondpeak
decreaseswithdecreasinggasvelocity.Thepositionsof thepeaksare
alsochanged.
*
ChamberPressure
Thepercent-mass-vaporizedplotoffigure6(a)showsthata given
percentvaporizedisobtainedina shorterlengthwitha higherchamber
pressure.Thepercent-mass-unvaporizedcurveoffigure6(b)alsoshows
thata givenpercentofmass-unvaporizedisobtainedina shorterlength
witha higherchaniberp essure.Theslopesofthecurvesdecreasewith
lowchamberpressure.Thepeaksofthevaporization-ratecurves
(fig.6(c))decreasewithincreasingchatierpressureandoccurat a
greaterdistancefromtheinjector.n
* InitialLiquidTemperature
Historiesforthreeinitialdroptemperaturesareshowninfigure7.
Allthecurvesshowthata higherinitialiquidtemperatureisbeneficial.
Thebiggesteffectisintheverylowpercent-mass-vaporizedregion.The.
vaporization-ratecurvesareshiftedtoshorterlengthsforhigherinitial
temperature.
GasTemperature
Historiesforgastemperaturesof 40000,5000°,and70(X)0R areshown
infigure8. Exceptforthetimewhenthedropisheatingthereis little
differenceinallthecurvesas theyagreewithin10percentover this
extremetemperaturecondition.Forthisreasonthe5000°R gastemperature
usedinmostof thecalculationsdoesnotmateriallyaffecttheapplica-
bilityoftheresults.
CorrelationfResults
.
Theperformancecurveswerecombinedtoobtaina singlecurverep-
resentingalltheresults.Themultiplicationfactoron lengththat
.
wouldproducethebestagreementwasobtainedfrom-acrossplotof the
lengthrequiredto vaporize90percentof themass. Thecorrelatedre-
sultsobtainedfromthisanalysisareshowninfigure9. Thespreadof
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thelengthinthepercent-mass-vaporizedcurve(fig.9(a))wasmuchgreater ‘
thanthespreadin thepercent-mass-unvaporizedcurve(fig.9(b)).The
variationinthepositionoftheinflectionpointproducedmostof the
spread.
&
Thecorrelatedresultshowthatmultiplyingthechariberlengthby
~0.550.250.25
‘-Win‘2,0
1.45V0.75
, ‘o o
givesalmosta singlecurveofpercentofmassunvaporizedasa function
of chamberlength.
A comparisonof experimentaldataandthecorrelationcurveis
shownin figure10(a).Threedifferentinjectortypesareshown,andthe
assumedropsizeusedforeachinjectorislisted.Theexperimental
resultsagreeverywellwiththegeneralizedresultsexceptat thehigh
percentevaporatedandpercentperformancel vel.
*
DISCUSSIONOFRESUT_TS
Thecalculationsshowthatthevaporizationprocessrequirescon- “
siderablechamberlengthbeforeitiscomplete.Theresultsindicatethat
withdropsofapproximately200micronsindiametera chamberlengthof
8 inchesisrequiredtovaporize90percentof themass. Thisisabout
themassmeansizeof thedropletsobtainedwithmanyinjectorsandthe
lengthofsomerocketchambers.Itthereforeseemsevidenthatdroplet
vaporizationcannotbe neglectedina theorywhichpredictshowtoscale
engines.Infact,fromtheresultsobtainedh thisinvestigationit
appearsthatthedroplet-vaporizationheorycanbe usedindesigning
rocketengines.
A limitationtotheresultspresentedhereinoccursbecauseonlya
singledropisconsideredtorepresentallthedropsina rocketchamber.
Actually,theremustbe a distributionfsize,withsomelargeandsome
small drops.Thissizevariationmeansanadditionofnumeroushistories
forvarious-sizedrops.Thedropdistributionwillalter theshapeofthe
curvespresentedherein.Thepercent-mass-unvaporizedcurveswouldbe
flatter,forexample,as shownby theexperimentalpointsinfigure10(b),
becauseoriginallythesmalldropswouldvaporizefasterthanthemean
considered,buttowardstheendofthechambertherewouldbe numerous
largerdrops,whichwouldweightthecurvestowardthelarge-dropcurve. I
Consequently,itis impossibletopredictaccuratelythepercentvaporized
in a givenchamberlengthofan actualengine.However,sincethecurves
arebeingaddedtogether,thecorrectionfactorshouldbe equally
.
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adaptablewhenthereisa dropdistribution.Therefore,thecorrection
factorscanbeusedtoscaleenginesandcanshowqualitativelywhat
.
changesintheenginearebeneficial.Additionalcalculationsareneeded
whendrop-sizedistributiona dspreadingareincludedinthecorrelation
topredictengineperformanceaccurately.Thecalculationsshouldalso
beperformedforpropellants,withdifferentphysicalproperties.
SJMMARYOFIWSUTJCS
Calculationsweremadefor~-heptanedropsusingvariousdropsizes,
injectionvelocities,finalgasvelocities,initialfueltemperatures,
andchamberpressuresto showhowthesevariableswouldaffecttheva-
porizationrateandthechamberlengthsrequfiedtovaporizethedrops.
Theresultsarecorrelatedforeaseinusingthemfordesigripurposes.
Thecalculationshavequantitativelyshownthefollowingresults:
1.Thechamberlengthrequiredfora givenpercentoffuelvaporized
increaseswithlargerdropsizesandhigherinjectionvelocity.
.
.
2.Chamberlengthsrequiredfora givenpercentvayorizeddecrease
withhigherfinalgasvelocity,higherchamberpressures,andhigher
initialtemperatures.
3. Calculatedresultsagreewithexperimentalresultswhenan assumed
dropdiameterof 100to250micronsisusedfortheexperimentalresults.
4. Resultswerecorrelatedtoa reasonabledegreeofaccuracyfor
a~ilcationinenginedesign.
LewisFlightPropulsionLaboratory
NationalAdvisoryCouuuitteeforAeronautics
Cleveland,Ohio,March19,1957
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APPENDIXA
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K
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N~h
NUM
o~f
P
PI
Pr
qL
q~
R
Re
r
SYMBOLS
surfaceareaof drop,sqin.
coefficientofdragforspheres,dimensionless
specificheat,Btu/(lb)(°F)
diffusioncoefficient,sq in./sec
heat-transfercoefficient,Btu/(sqin.)(sec)(%)
.
coefficientofmasstransfer,sec-~
thermalconductivity,Btu/(in.)(sec)(°F]
molecularweightoffuel,lb/mole
massof drop,lb
massof liquid ropatpositionx, lb
Nusseltnumberforheattransfer,dimensionless
Nusseltnumberformasstransfer,dimensionless
oxidantofuelweightratio,lb/lb
totalpressureinchamber,lb/sqin.
vaporpressureof liquidfuel,lb/sqin.
Prandtlnumber, /cp)m~~’ dimensionless
sensibleheatingrateof drop,Btu/sec
heat-transferratetosurfaceofdrop,Btu/sec
universalgasconstant,lb/(mole)(°F)
Reynoldsnumber,2r@p~~
radiusof drop,in.
.
.
L
.
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u
s
Sc
‘T
T
Tl
u
u
z
a
e
EM
P
.
al
&x
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cross-sectionalareaof chauiber,sq in.
Schmidtuuniber,~D~, dimensionless
temperatureof gas,%
meangastemperature,%
temperatureof liquidfuel,OR
velocitydifferenceb tweengasand.drop,iu./sec
/velocityof gasinchamber,in.sec
finalvelocityof
dropletvelocity,
vaporizationrate
axialpositionof
correctionfactor
gas,in./sec
fin.sec
offuel,lb/see
chamber,in.
forheattransfer,dimensionless
heat-transferfactor,dimensionless
correctionfactorformasstransfer,dimensionless
time,sec
latentheatof vaporization,Btu/lb
viscosityof vapormixture,lb/(in.](sec)
density,lb/cuin.
mass-flowrate,lb~sec
mass-flowrateof oxidant,lb/see
Subscripts:
f fuelvapor
1 liquidfuel
12
m vapormixture
o beginningof time(run)
1 beginningof increment
2 endof increment
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DERIVATIONOFEQUATIONFORDED2RWNINGA8VELOCITY
Thegasvelocityisobtainedby applyinga massbalancetothe
gaseousflow,or
@du=~+d&
where
%
s
du
%
it
&x
densityof gas
cross-sectional
changein
changein
changein
areaof chauiber
gasvelocity
uuass-flowrate
mass-flow rate
of liquidfuelto
of gaseousoxygen
Theratioofoxygentofuel-flowrateis
.
.
‘ox o~fc=
and,therefore,
d&+*x .(l+o/f)&hf
(Bl)
vapor
(B3)
(B2)
Thefollowingequationresultsfromconibiningequations(B3)and(Bl]:
(B4)
Integratingbetweentheboundaryconditionsof u = O and & =&,.
to u = ufin and & = O resultsin
(B5)
*
Ifequations(B5)and(B4)arecombined,
. du ‘if
-—
G= if,o
(B6)
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Themass-flowrateoffuelcanbe expressedintermsof themassof the a
liquid&Op by
(B7) -
where
% massof theliquiddropatposition“x” &d
T averagetimebetweendropsthatpassthrougha crosssectionofthe F
chamberata givenposition(constautthroughoutthechamber)
Thedifferentiationofequation(B7)gives
d(i)f=$d~ (B8)
Theboundarycondition& =&,O isappliedwhere ~ =mo sothat
equation(B7)becomes
+r,o= be”-
A combinationfequations(B6),(B8),aud-@9)givesthefollowing
equation:
du d%
—= -_
‘fin ‘o
andby definition
Therefore,
du
—=
‘fin -Xde%
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. TABLEI. - BOUNDARYC!ONIXCTIONSUSEDINCALCULATION
Drop
diam-
eter,
in.
0.002
.004
.006
.009
.012
.006
r
FOR@EEIUNE
?inal
gas
feloc-
Lty,
~t/sec
800
f
200
400
1200
1600
800
I200
200
1600
1600
hitial
hop
kl.oc-
Lty,
?t/sec
100
I
50
75
l-so
200
1 )
)
200
200
50
Initial
hop
teruper-
zture,
oR
500
!r
400
700
500
1
hauibe]
?res-
3ure,
lb
3qin.
)
)
600
300
f
5000
J
4000
7000
5000
I
,@
x
CY-31 h
e+Ae
X+AX
v
/
qv
v4- Av
F@re 1.
- Schematic drawing of dropvaporizingh rocket engine.
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(a)MassVaP0rlW3d,ropradius,andliquidteqxmature.
Figure2.- Typloal’droplethlstorle8.Initialdroptemperature,3CX3°R-Initialdropvelocity,
12W tnohe6per semnd; initialdropdiameter,0.006inch(150tiorone; finalgaevelocity,!
9603inohespers~cond;chamberprassure,300pandapersquarainchabsolute;andohamber
temperature,5000R.
v19
.
.
.
Length, in.
(b)Vaporizationrate,andliquid-dropandgas velocity.
Figure2.- Concluded.l’yplcaldroplethlstorles.Imitlaldroptemperature,
500°R; initial drop velocity1200inchespersecond;initialdropdlem-
Jeter,0.006inch(150microns; final gas veloclty,9600inchesperaecondj
chamberpressure,300poundapersquareinchabsolute;andchambertempera-
ture, 5000°R.
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8
6
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1
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Length,in.
(a)Massvaparized.
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*
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Figure3.- ~ect ofdropsizeonvaporization.-Idtblhopt@we~t~ej5@ R;
initialdropvelocity,1200inchespersecond;finalgasvelocity,96CKIinchesper
second;chamberpressure,300wundspersq= Intijamdchambertemperature,
50C0°R.
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Len& h.
(b)Massunvaprized.
\
Drop
-US ,
r,
.08.1 .;
n.
0.(
Wwe 3.- Continued.Effectofdropsizeonvaporization..hitialdroptemper-
ature,500°R; initialdropvelocity,1200inchespersecond;finalgasvelccity,
96CKIinchespersecond;chamberpressure,300puuds persquarei.neh;andchsmber
temperature,50C& R.
.
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Figure3.- Concluded.Effectofdropsizeonvaporization.Initial
tioptemperature,500°R;initialdropvelocity,1200inchesper
second;finalgasvelocity,9600inchespersecond;chamberpressure,
300poundspersquareinch;andchambertemperature,5030°R.
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Figure 4. - Effectofinitialdropvelocityonvaporization.
fitialdroptiameter,0.006inch(150microns);initial
hop t~ture, 500°R; finalgasvelocity,96~ inches
persecond;chamberpressure,3~ poundspersquareinch
absolute;andchsmbertemperature,5CQO0R.
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Figure4. - Continued.Effectofinitialdropvelocity
—
onvaporization.Initialdropdl.ameter,0.006inch
(150microns);initialdroptemperature,500°R; final
gasvelocity,9600inchespersecond;chemberpressure,
300poundspersquareinchabsolute;andchber t~-
perature,5000°R.
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Figure4. - Concluded.EffectOrinitialdxopvelocityon
vaporization.Initialdrop“diameter,0.006inch(150
microns);initialdroptemperature,5C0°R; finalgas
velocity,9600inchespersecond;chsmberpressme~WO
poundspersquareinchabsolute;andchambertanperature,
5000°R.
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Figure5. - Effectoffinalgasvelocityonvaporization.
Initialdroptemperature,500°R; initialdropvelocity,
1200inchespersecond;initialdropdiameter,0.006inch
(150microns);chamberpressure,300poundspersqure
inchabsolute;andchambertemperature,5000°R.
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Fiaure5. - Continued.Effectoffinalga6velocityon
vaporization.Initialdroptemperature;,500°R; -
initialdropvelocity,1200inchespersecond;initial
dropdiameter,0.006inch(150microns);chamberpres-
sure,300poundspersquareinchabsolute;andchamber
temperature,5CX10°R.
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Figure5.- Concluded.Effectoffinalgasvelocityonvaporization.
Initialdroptemperature,500°R; initialdropvelocity,1200inches
persecond;initialdropdiameter,0.006inch(150microns);chamber
pres~ure,300poundsPeTsq~e inchabsO1ute;andCtimer‘emperatwe’ -
—
5000”R.
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Figure6. - Effectof chamberpressureonvaporization.
initialdroptemperature,500°R; initialdropveloc-
ity,12(XIinchespersecond;initialdropdiameter,
0.006inch(150microns);finalgasvelocity,9600
inchespersecond;andchambertemperature,50(13°R.
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Figure6.- Continued.Effectofchemberpressureonvaporization.
Initialdroptemperature,500 R;initialdropvelocity,1200
inchespersecond;initialdropdiameter,0.006inch(150microns); .
finalgasvelocity,9600inchespersecond;andchambertempera-
ture,5000°R.
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Figure6.- Concluded.Effectofchamberpressureonvaporization.
Ihitialdroptemperature,500°R;initialdropvelocity,1200
inchesper second;initialdrop~ameter,0.006inch(150microns);
finalgasgelocity,9600inchespersecond;andchambertempera-
ture,5C03R.
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Figure7.- E?fectofinitialiquidtemperatureonvapori-
—
zation.Initialhop velocity;1200i~chespersecond;
initialdropdiameter,0.006inch(150microns);final
gasvelocity,9600inchespersecond;chamberpressure,
3~ poundspersquareinchabsolute;andchambertemper-
ature,5000°R.
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R1.gure7.- Continued.Effectofinitialiquidtemperature
onvaporization.Initialdropvelocity,1200inchesper
second;initialdropdiameter,0.006inch(150microns);
finalgasvelocity,9600inchespersecond;chamberpreS-
sure, 300poundspersquareinchabsolute;andchaniber
temperature,50CJ30R.
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IY.gure7.- Concluded.Effectofinitialiquidtemperatureon
vaporization.Initialdropvelocity,1200inchespepsecond;
initialdropdiameter,0.006inch(150microns);finalgas
velocity,9600,inchespersecond;chamberpressure,300pounds
persquareinchabsolute;andchsmbertemperature,500@ R.
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(a)Massvaporized.
lRfgure8. - Effectofgastemperatureonvaporization.
Initialdroptemperature,500 R; initialdropvelocity,
1200inchespersecond;initialdropdiameter,0.~6
inch(150microns);finalgasvelocity,96@ inchesper
second;andchsmberpressure,300poundEpersquareinch
absolute.
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figure8. - Concluded.Effectofgast~peratureonvapori-
zation. Initialdroptemperature,500° R; initialdrop
velocity,1200inchespersecond;initialdropdiameter,
0.006inch(150microns);finalgasvelocity,96~ inches
persecond;andchamberpressure,300WWM3S persquare
inchabsolute.
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Figure10.
- Comparisonfexperimentalandcalculatedresults.Initial
temperature,520°R;initialvelocity,600inchesper second;final
gasveloci~,4800inchespersecond;chsmberpressure,250poundsper
squereinch;endcheaibertemperature,5000°R.
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FigureIO,- Concluded.Cnulpsrisotlof experbntal and calculatedresults. Initialtemperature,
520°R; initialvelnc!ity, 600 inchesE second;final @a vebe ity, 461XIinchesper secondj
chamberpreseme, 250 PunrIdEper Bquere inchj and chtier t~erature, 50C0°R.
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